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® Unear power control for ultrasonic probe with tuned reactance. 



® There is disclosed herein a driver system for an 
ultrasonic probe for allowing a user to have propor- 
tional control of the power dissipated in the probe m 
accordance with the position of power dissipation 
controls operable by the user and for automatically 
tuning upon user request such that the driving fre- 
quency is equal to the mechanical resonant fre- 
quency of said probe and such that the reactive 
component of the load impedance represented by 
Wsaid probe is tuned out. The system uses a tunable 
< inductor in series with the piezoelectric crystal ex- 
citation transducer in the probe which has a flux 
V- modulation coil. The bias current through this flux 
CM modulation coli Is controlled by the system. It is 
0> controlled such that the inductance of the tunable 
If) inductor cancels out the capacitive reactance of the 
Wioad impedance presented by the probe when the 
O probe is being driven by a driving signal which 
_ matches the mechanical resonance frequency of the 
ui probe. The resulting overall load impedance is sub- 
stantially purely resistive. The system measures the 
phase angle and monitors the load cunrent This 



information is used to determine the mechanical 
resonance frequency by sweeping through a band of 
driving frequencies and finding the peak load cun-ent 
where the slope of the load current versus frequency 
function is greater than a predetenmlned constant 
After the automatic tuning to the resonant frequency, 
the system automatically adjusts the bias current 
flowing through the flux modulation coil to maintain 
the substantially purely resistive load impedance for 
changing power levels. There is also disclosed here- 
in an analog circuit to measure the Phase angle for 
the load driving signal and to adjust the frequency of 
the driving signal for best performance. This system 
includes an Integrator to eliminate the effect of offset 
errors caused by operational amplifiers. 
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UNEAR POVreR CONTROL FOR ULTRASONIC PROBE WtTH TUNED REACTANCE 



Background of the Invention 

The invention relates to the field of phacoemul- 
sification probe driving apparatus, and, more par- 
ticularly, to the field of tuned reactance process for 
phacoemulsification. 

It has long been known that, in delivery of 
electric power to inductive loads or capacitive 
loads, maximum efficiency and maximum delivery 
of said power occurs when the phase angle be- 
tween the voltage across tiie load and the cunent 
through the load is zero. The phase angle of a 
system is related to the power factor. Those skilled 
in the art appreciate tiiat impedance of any network 
which includes inductive or capacitive elements in 
addition to resistive elements is the vector sum of 
the real component. i.e.. the resistive elements, and 
the imaginary component caused by the presence 
of the inductive and capacitive elements. If the 
reactive component is zero, tiien the impedance of 
a system is purely resistive, and tiie resultant vec- 
tor is coincident with tine real axis. In such a 
circumstance, tiie phase angle is zero. Power fac- 
tor is a measure of the relative magnitudes of the 
reactive and real components in a load impedance. 
It is related to tiie relative magnitude of tiiese two 
vector components. 

Power factor is also a measure of the effi- 
ciency, of a system in delivering power to a load. 
Since only resistive components can actually dis- 
sipate power, the presence of an inductive or ca- 
pacitive reactance component in a load Impedance 
will decrease tiie efficiency of power delivery of tine 
system, since it causes increased power dissipa- 
tion in tiie source resistance of the power supply. 
The reason for tiiis is well understood by those 
skilled in the art and will not be detailed here. As a 
consequence of tiie foregoing reality, it has long 
been known by utility companies and other practi- 
tioners of the power delivery art ttwt to maximize 
tiie efficiency of power delivery to a load, it is 
useful to tune out the reactive component of the 
load impedance by placing it in series or parallel 
with an equal and opposite sign reactive compo- 
nent in a tuning circuit so tiiat ttie resultant load 
impedance is purely resistive. In such a circum- 
stance tiie source impedance is said to be tiie 
matched conjugate of the load impedance, and the 
power delivered to the load is maximized. 

Power delivered to a load is given by the 
following expression: 
(1) Power = VI cos theta 

where V is tiie voltage drop across tiie load Imped- 
ance, and I is tiie series current flowing ttirough the 
load impedance, and cos tiieta Is tiie power factor 



of the circuit The power factor is said to be 
"leading" if tiie current leads the voltage, and 
"lagging" if tiie cun-ent lags the voltage. 

Ultrasonic probes have traditionally been used 
5 for phacoemulsification for rupturing of cataracts in 
the eye coupled with aspiration of the pieces of 
tissue disrupted by the prol>e. There have been 
developed two classes of probes, one of which is 
excited by piezoelectric crystals. Such piezoelec- 
10 tile probes hraditionally have been rods of metal, 
such as titanium, having piezoelectric crystals af- 
fixed therein to act as excitation sources to cause 
ttie rods to vibrate. The piezoelectric crystals are 
driven witii electrical alternating cunent driving sig- 
15 nals having high frequencies, such as 40.000 Hz. 
The length of tiie probe is such that it is a multiple 
of one-haH ttie wavelengtii of ttie driving signal. 
Vibration of the piezoelectric crystal under the influ- 
ence of ttie driving signal causes tiie rod to vibrate 
20 at its mechanical resonant frequency. 

The piezoelectric crystals which are used as 
excitation sources in such probes, when coupled 
with ttie mass of tiie prol>e rod, can be modeled as 
an equivalent electrical circuit having inductive, ca- 
25 pacitive, and resistive components. There is a ca- 
" pacitive component representing tiie elasticity of 
the metal of the rod and inductive component re- 
presenting ttie mass of ttie probe. There is also a 
resistive component representing resistance to mo- 
30 tion of ttie tip of ttie rod as it hits loads such as 
tissue or fluids in ttie eye which tend to dampen 
ttie vibration of tiie tip of tiie probe. The piezoelec- 
tric crystal itself contributes a resistive component 
which is related to tiie amount of leakage of cun-em 
35 between tiie terminals of tiie crystal. The crystal 
also has a capacitive component which represents 
ttie intrinsic eiectt-ical characteristics of piezoelec- 
tric crystals, i.e., ttie tiiickness and the dielectric 
constant and the area. 
40 As ttie temperature changes, and as load on 
ttie probe changes, ttie various resistive and reac- 
tive components in ttie equivalent circuit of tiie 
probe change values. These changes in ttie com- 
ponent values change the mechanical resonant fre- 
45 quency of ttie probe. Unless ttie driving frequency 
is changed to correspond witti ttie changed reso- 
nant frequencies, maximum power-transfer efficien- 
cy will not be achieved. 

Furttier. ttiose skilled In the art understand tiiat 
50 maximum power transfer between a source and a 
load occurs when ttie Impedances of the source 
and ttie load are matched so ttiat ttie load appears 
to l^e purely resistive. Therefore, in ttie case of an 
uiti-asonic probe if the probe load impedance at tiie 
resonance frequency has a capacitive reactive 
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component, the source innp)edance should have an 
inductive reactive connponent of equal magnitude 
to maximize power transfer between the source 
and the load. Because of the changing magnitudes 
of the resistive and reactive components of the 
combined mechanical arxJ electrical system of a 
phacoemulsification probe, as the power level 
changes and as the temperature and load con- 
ditions of the prol>0 change. It is difficult, if not 
impossible with a fixed inductor, to match the 
source impedance to the load impedance to cancel 
out the probe's reactive component over a broad 
range of power levels and frequency variations. An 
advantage of such a matched, tuned system is that 
low voltage components may be used since the 
impedance seen by the source voltage generator is 
minimized (looking into a two-port network Includ- 
ing the tuning inductor). 

Accordingly, there has arisen a need for a 
phacoemulsification probe driver which can be 
tuned such that the reactive component of the load 
is canceled as conditions such as power level, 
temperature, and loading change. Further, there 
has arisen a need for a probe driver circuit which 
can alter the driving frequency to match the 
changed mechartical resor^ant frequency as power 
level, temperature, and loading conditions change 
or as new probes are attached to the system. 
Further, a need has arisen for a phacoemulsifica- 
tion prot>e driver with proportional power control 
such that the user may set a desired power level 
and that level of power will l>e transmitted to the 
probe. 



Summary of the Invention 

According to the teachings of the Invention, 
there is disclosed herein a method and apparatus 
for providing substantially proportional power con- 
trol for a phacoemulsification prot)e with automatic 
tuning to tiie mechanical resonance frequency of 
the probe arid automatic tuning out of the reactive 
component of the load impedance. The constant 
tuning to cancel the load impedance reactive com- 
ponent allows the system to maximize the effi- 
ciency of power transfer from the driver to the 
probe. The apparatus and method for tuning the 
phacoemulsification probe driver frequency to sub- 
stantially match the changing mechanical resonant 
frequency of the probe upon request from the user 
or as power level, temperature, and loading con- 
ditions change in some embodiment finds the reso- 
nant frequency by sv^ping the drive frequency 
and finding the peak load current where the slope 
of tiie load current versus driving frequency func- 
tion IS greater than a predetermined constant This 
constant eliminates spurious peaks from being fal- 



sely assumed to be resonant peaks. 

In tiie preferred embodiment the linear power 
control apparatus includes a microprocessor which 
is coupled through a serial irrterface to a foot pedal 

5 control manipulated by the user to set tiie desired 
level of power. The microprocessor is also coupled 
to a maximum power level control on the front 
panel, which is also manipulated by the user to 
establish the 100% power level. The microproces- 

70 sor reads the foot pedal position and the position of 
the maximum power level control on the front panel 
and scales the signal from the foot pedal to deter- 
mine the desired power level as a percentage of 
the maximum level set by Vne user at the front 

;5 panel. The microprocessor then generates a digital 
gain numfcjer and sends it to a programmable gam 
linear power amplifier inside a voltage controlled 
oscillator. The programmable linear power amplifier 
amplifies the dnvtng signal by the gain level estab- 

20 lished by the digital input from the microprocessor 
The output of the linear programmable amplifier is 
then amplified by another power amplifier operating 
in class AB. The output of tiiis amplifier is applied 
to a voltage step-up transformer which has its 

25 secondary coupled through a tuning inductor to the 
piezoelectric crystal or crystals which excite the 
phacoemulsification probe. The microprocessor 
also controls the frequency of tiie voltage con- 
trolled oscillator in a manner to be described be- 

30 low. 

The tuning inductor is the means by which tiie 
source impedance of the probe driver circuitry may 
be adjusted so that tha driver circuitry source im- 
pedance is maintained so as to cancel the reactive 

35 component of tiie load impedance presented by 
the crystal and the mechanical system of tiie 
prol>e. The tuning inductor, in the preferred em- 
bodiment, is comprised of a ferromagnetic core 
with three arms extending therefrom. Two of ttiese 

40 arms have tiie DC bias coils wrapped around tiiem. 
The AC driving signal is driven through a tuning 
inductor coil wrapped around the third leg and sets 
up a magnetic flux through tiie core, part of which 
passes tiirough tiie arms around which the bias 

45 colls are wrapped- The magnetic flux modulating 
coil has a DC current flowing therein at an am- 
plitude continued by tiie microprocessor. The pur- 
pose of ttie tuning inductor is to allow the micro- 
processor to control tiie amount of inductance 

50 which is in series with the load impedance such 
tiiat the source impedance may be tuned to cancel 
the reactive component of the kjad impedance for 
all load, temperature, and power level conditions. 
Any tunable inductor which can be used to cancel 

55 the capacitive reactance of the load will suffice for 
purposes of practicing tiie invention. 

In order to conti"ol the reactive component of 
the source impedance, the microprocessor needs 
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to sense the power factor or phase angle between 
the phasor representing the cunrent waveform for 
current flowing through the piezoelectric crystal ^ 
load and the waveform representing the driving 
voltage across the piezoelectric crystal load. A 
phase detector is used for this purpose. It has one 
input which samples the voltage waveform tor the 
driving voltage across the crystal and It has another 
input which samples the cun-ent wavefonn for the 
driving cun-ent through the crystal. This cun-ent 
waveform sampling is taken from a current sensor 
In series with the primary side of the voltage step- 
up transformer. The feedback voltage from this 
current sensor is proportional to and in phase with 
current flowing through the primary of the step up 
transformer. It is the phase angle between the 
current flowing in the primary and the voltage 
across the primary as indicated by a SYNC signal 
from the voltage-controtied oscillafDr which is in 
phase with the driving voltage which is tuned by 
the system to be zero or some other user defined 
acceptable phase angle so as to cancel the reac- 
tance component of the load. Any other means of 
sensing the phase of the load cunrent will also 
suffice for purposes of practicing the invention. 

The phase detector generates two pulse-width 
modulated digital signals which represent the mag- 
nitude of the phase and its sign. These pulse-width 
modulated signals are summed and integrated to 
generate an analog signal representing the mag- 
nitude of the phase angle ent)r. This analog signal 
is converted by an A/D converter to a digital num- 
ber representing the phase angle en-or. Any phase 
angle other than zero represents an out-of-tune 
condition where the reactance . of the probe imped- 
ance is not canceled. When the phase angle is 
nonzero (or whatever acceptable phase angle the 
user sets in some embodiments), the microproces- 
sor senses this fact and alters the DC cun-ent 
flowing through the magnetic flux modulating coil in 
the tuning inductor. This alters the amount of mag- 
netic flux in the core passing through the AC driv- 
ing coils of the tuning inductor, thereby altering the 
Inductance thereof. This process is continued with 
small changes to the drive current of the D.C. coil 
until the reactive component of the prolie imped- 
ance is canceled and the source drive impedance 
is a matched conjugate of the probe impedance. 

in the prefen-ed embodiment, a sweeper soft- 
ware routine sweeps tine driving frequency tiirough 
a range of frequencies known to include all possi- 
ble mechanical resonant frequencies of commer- 
cially usable phacoemulsification probes. During 
this sweep, the probe drive cunrent is monitored 
and compared to the highest probe driver cunrent 
to that point in time. If the current frequency of the 
driving signal results in a probe drive current which 
is greater tiian the cunrent highest probe driver 



current the cun-ent probe driver current is replaced 
with the new highest probe driver cun-ent value. 
Slope calculations to detemilne the slope of the 
function of load cunrent versus driving frequency 
5 are continuously performed. This process is contin- 
ued until the entire range of frequencies has been 
surveyed. The frequency corresponding to the 
highest protie driver current having a slope which 
is greater than a predetermined constant is tiien 
10 set into the VCO by sending a signal to tiie fre- 
quency modulation Input of the VCO causing it to 
generate a probe driving signal having, the cor- 
responding frequency. After tiie proper driving fre- 
quency is detemiined. a software routine to tune 
75 away ttie phase angle as much as possible is 
perfomied. This routine detennines the phase an- 
gle difference between a constant reference phase 
angle representing the desired or unavoidable 
phase angle difference and tine actual phase angle. 
20 The difference is then used to adjust the D.C. coil 
bias drive. This process of successive approxima- 
tion Is then continued until tiie phase angle dif- 
ference falls within an acceptable range. 

The methods of linear power control, imped- 
25 ance matching over wide ranges of conditions, and 
source frequency tuning to match the resonant 
frequency according to tiie teachings of the inven- 
tion may be understood from tiie above description 
of the functions of tiie apparatus ttial implements 
30 these processes. 

The teachings of tiie invention can be better 
understood by reference to tiie following drawings. 



35 Brief Description of tiie Drawings 

Figure 1 is a block diagram of tiie preferred 
embodiment of an apparatus according to tiie 
teachings of the invention. 
40 Rgure 2 is an equivalent circuit for tiie pi- 

ezoelectric crystal and mechanical system of the 
probe. 

Figures 3A and 3B are two expressions of 
tiie mathematical relationships needed to explain 
45 the functioning of tiie system. 

Rgure 4 is tiie simplified equivalent circuit of 
the probe at tiie mechanical resonant frequency. 

Rgure S is a symbolic diagram illustrating 
tiie interplay between ttie hardware and software 
so elements of the system. 

Rgure 6 is a plot of a typical load current 
versus frequency function illustrating the precharge 
and postcharge regions symbolically. 

Rgure 7 is a flow chart of tiie "minimizer" 
55 routine to tune out tfie reactance component of tiie 
load impedance. 

Rgure 8 is a flow chart of tiie "def-phase" 
routine to set a default value for HENRY. 
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Figure 9 is a flow chart of the "correct" 
routine to alter the value of HENRY. 

Rgure 10 is a flow chart of the "capture" 
subroutine to set HENRY at certain capture limits. 

Rgure 11 is a flow chart of the "sweeper" 
subroutine to tune the VCO to the mechanical 
resonance frequency of the probe. 

Rgures 12A and 12B are a flow chart of the 
"cold-sweep" routine which calls the "analysis" 
routine to do the VCO tuning and manages user 
Interface functions. 

Rgure 13 is a flow chart of the '^analysis" 
routine, 

Rgure 14 is a flow chart of the "precharge" 
routine. 

Rgure 15 is a flow chart of the "postcharge" 
routine. 

Rgure 16 is a flow chart of the "chk-limit" 
routine to move the tuning window. 

Rgures 17A and 17B are a flow chart of the 
"peak" routine that finds the resonance peak by 
monitoring load current 

Rgures 1 8A and 1 8B are a flow chart of the 
"recorder" routine which records load current data 
and calculates slope. 

Rgure 19 is a flow chart of the "detector" 
routine which checks the slope of the load current 
function agajnst a minimum slope. 

Detailed Description of the Preferred Embodiment 

Referring to Rgure 1, there is shown a block 
diagram of one embodiment of the apparatus ac- 
cording to the teachings of the invention. A micro- 
processor 808 is at the heart of the system. The 
microprocessor 808 controls all the functions which 
the system performs. According to the teachings of 
the invention, three separate and independent func- 
tion are performed, all of which can be performed 
Independently of the other functions. Best perfor- 
mance, however, results from use of all three as- 
pects of the invention in combination. 

The purpose, function and interaction of the 
various components of tiie system will be ex- 
plained in the course of explaining each function 
that the system performs so that the cooperation of 
each individual element with the other elements in 
order to accomplish the function will be clear. 

It is useful in phacoemulsification probe driver 
systems to have a substantially linear control over 
the amount of power dissipated in the probe. In 
Rgure 1. the probe 24 is a metal rod having a 
conical mechanical amplifier section (not shown) 
and a projecting nosepiece (also not shown) in the 
form of a small diameter tube on the mechanical 
amplifier. Embedded in or otherwise mechanically 
attached to tiie metal of the probe 24 are a pair of 
plezoelectnc crystals. 28 and 30. The purpose of 



these crystals is to excite the metal of the probe 24 
to vibrate at its mechanical resonance frequency as 
the crystals vibrate in response to electrical driving 
signals on the lines 836 and 838. Together, the 

5 piezoelectric crystals 28 and 30 and the mechani- 
cal system of the probe 24 can be modeled by the 
equivalent circuit shown in Rgure 2. 

Referring to Figure 2. there is shown the equiv- 
alent circuit for the electrical and mechanical sys- 

10 tern of the probe 24. The two resistive components 
Rp and R, represent respectively, the leakage be- 
tween lines 836 and 838 of the crystals 28 and 30 
and the resistance of the mechanical load, e.g., 
cataract or water or other tissue, touching the tip of 

;s the probe. The value of changes drastically 
when the probe comes into contact with liquid such 
as water or other fluids in the eye versus free 
vibration of the probe in air. Computer simulations 
of the crystal. mechanical system show that R, can 

20 increase drastically with changing conditions. 

As power is dissipated In the crystals, the 
temperahjre of the probe 24 can increase if suffi- 
cient amounts of power are dissipated. The probe 
24 has a fluid passageway (not shown) tiirough the 

25 tip to which a vacuum is applied such tiiat tissue 
and eye fluids which the probe contacts may be 
aspirated Into a collection cassette. This causes 
some cooling of the probe. The temperature rise of 
the probe tiius depends upon the thermal equllib- 

30 rium between heat flowing into the probe by virtue 
of power dissipation in the crystals versus heat 
being taken out of the probe by virtue of coot fluids 
being aspirated tivough the probe. 

The series network of capacitance 0. and in- 

35 ductance L, in tiie equivalent circuit of Figure 2 
representing the mechanical iaspects of the probe 
will have a resonant frequency representing the 
mechanical resonance frequency. Generally speak- 
ing, when tiie crystals 28 and 30 are driven with a 

40 drive signal having an electrical frequency match- 
ing the mechanical resonance frequency, tiie cry- 
stals will excite the mechanical system of the 
probe so as to vibrate at the mechanical resonant 
frequency. In this state, the series capacitance C, 

45 and Inductance U representing tiie mechanical as- 
pects of the system will cancel each otiier out and 
disappear from the equivalent circuit representing 
the overall probe load impedance. This leaves an 
equivalent circuit which is dominated by ttie ca- 

50 pacitance Cp of the piezoelectric crystals as shown 
by Rgure 4. 

Thus, the load impedance of the probe, when 
driven at the mechanical resonance frequency, has 
a capacitive reactance component In order to get 
55 maximum efficiency of power transfer, this capaci- 
tive component Cp of the load impedance must be 
canceled out or at least somewhat compensated by 
an inductive impedance in series with tiie probe. 
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This compensation for the capacitive reactance 
of the probe load impedance Is accomplished by 
use of a tuning inductor 36 having an inductance 
Lj. The tuning inductance consists of a ferromag- 
netic core having three legs labeled A, B. and C. 
Legs A and C have wound thereabout D.C. bias 
signal colls which are connected in series. The 
middle log B has wrapped thereabout an A.C. 
driving signal coil. The purpose of this A.C. driving 
signal coil is to provide an inductance in series with 
the load impedance of the probe to help cancel the 
capacitive reactance of the load impedance at the 
mechanical resonant frequency. To that end. the 
A.C. driving signal coil establishes paths of nnag- 
netic flux which pass through the ferromagnetic 
matenai of legs A. B and C. When direct current is 
passed through the D.C. bias coils, the amount of 
magnetic flux in the ferromagnetic coil is altered. 
When the amount of flux in the core is altered, the 
inductance of the A.C. driving signal coil changes. 
Thus, by controlling the magnitude of cun-ent flow- 
ing through the D.C. bias coils 828 and 830 
wrapped around tegs A and C (hereafter some- 
times refen-ed to as the flux modulation coils) the 
inductance Lt of the tuning inductor. I.e., the A.C. 
driving signal coil 826. may be changed. The D.C. 
bias windings 828 and 830 must be such as to be 
able to alter the apparent inductance of the A.C. 
coil 612 between 0 and 30 millihenries. 

The flux modulation coils 828 and 830 are 
coupled to the output of a voltage-to-cunrent am- 
plifier 38. This amplifier receives a voltage input 
signal from a D/A converter 40. The purpose of the 
voltage-to-cun-ent amplifier 38 is to convert the 
voltage on the line 42 from the output of the D/A 
converter to a corresponding magnitude of D.C. 
bias current flowing through the flux modulation 
coils 828 and 830. 

The 0/A converter 40 receives as its input a 
phase angle adjust digital word HENRY on the bus 
46 from the microprocessor. This phase angle ad- 
just word is generated by the microprocessor 808 
in the process of running one of the programs 
described below. 

HENRY is generated from certain items of data 
read by the microprocessor. One of these data 
items is the phase angle error word PHASE on a 
bus 818. This phase angle error data represents 
the phase angle between the phasor representing 
the driving voltage waveform applied across the 
crystal load and the phasor representing the cur- 
rent wavefomi for load current flowing through the 
crystal. This phase angle effor information is devel- 
oped in part by a phase detector 50. The output of 
the phase detector is coupled to a summer and 
integrator 52. which has its output 88 coupled to an 
A/D converter 54. 

To understand how the phase angle error ad- 



just signal is generated on bus 818. the rest of the 
driving circuitry will be explained as a preliminary 
matter. The function of the driving circuitry is to 
drive the crystals 28 and 30 with an A.C. driving 
s waveform which causes the crystals to vibrate at 
the mechanical resonance frequency of the probe 
24. Obviously, the Ttrst step in this process is to 
generate a driving signal having a frequency which 
is equal to the mechanical resonance frequency of 
io the probe 24. This is done, in the preferred em- 
bodiment, by a voltage controlled oscillator 56. In 
the preferred embodiment the voltage controlled 
oscillator includes a linear programmable amplifier. 
The output signal of the voltage controlled os- 
15 dilator on line 72 in Figure 1 is applied to the input 
of a linear driver amplifier 74. The purpose of this 
amplifier is to amplify the signal on the bus 72, and 
apply it to the primary winding of a voltage step-up 
transformer. 

20 The driving signal on line 72 is generally a 
sinusoid having an RMS voltage level related to the 
desired power dissipation. This signal is amplified 
in a class AB mode by the driver amplifier 74. 
The output of the amplifier 74 is applied to the 
25 primary of a voltage step-up transformer 76. A 
current sensing transfomner 550 is coupled in se- 
ries with the return line from the primary of the 
transfonner to the operational amplifier 74. The 
secondary of the transformer 76 is coupled to the 
30 lines 836 and 838. The line 838 is coupled to one 
end of the A.C. driving signal coil 826 on the tuning 
inductor. The other temninal of coil 826 is coupled 
via a line 32 to one tenninal of the crystals 28 and 
30 (which are coupled in series). The line 83B is 
35 coupled to the return side of the piezoelectric cry- 
stals 30 and 28. Thus the current flowing in the 
secondary of the step-up transformer 76 is the 
series current flowing through the crystals 28 and 
30 of the probe 24 and the A.C. signal driving coil 

40 826. . . 

The CPU 808 needs feedback signals regard- 
ing two things to do its tuning functions. First, the 
CPU 808 must know the phase angle difference 
between the driving signal voltage and the resulting 

45 load current Also, the CPU must know the am- 
plitude of the cun^nt flowing in the load. To deter- 
mine the phase angle difference, the phase detec- 
tor 50 and a current sensor transformer 550 are 
used. The phase detector has one phase input 

50 coupled by line 817 to the secondary winding of 
the cun-ent sensor 550 and has another phase 
input coupled to a signal SYNC on line 816 from 
the voltage control oscillator. As in the other em- 
bodiments described herein, when there is no 

55 phase difference, no pulses appear on either of the 
output lines 84 or 86. However, when positive 
phase difference exists, a train of pulse width mod- 
ulated pulses appear on line 86 with the width of 
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the pulses indicative of the amount of the phase 
angle difference. Likewise, when a negative phase 
angle difference exists, a train of pulse width mod- 
ulated pulses appears on line 84 with the width of 
the pulses indicative of the magnitude of the phase 
angle difference. The summer'integrator 52 and 
analog-to-digital converter 54 operate as previously 
descrit>ed to generate the digital signal PHASE on 
line 81 8, which is indicative of the magnitude of the 
phase angle error. The signal is coupled to the 
CPU 808. The phase detector 50 uses the SYNC 
signal output on line 816 from the voltage-con- 
trolled oscillator because this signal is cleaner and 
leads to better phase detection than where the 
phase detector 50 has its other input coupled to 
the DRIVE FREQUENCY signal on line 72. 

Since the voltage waveform on line 72 is in 
ph£ise with the voltage waveform across the pri- 
mary of the step-up transformer, the phase detec- 
tor 50 can sample the voltage on the line 72 with 
the assurance that the waveform on the line 72 is 
in phase with the voltage across the step-up trans- 
former 76. To determine the relative efficiency of 
power transfer from the driver to the probe, the 
phase angle between the voltage across the step- 
up transformer primary and the current through the 
primary must t>e determined. The phase detector 
does this by comparing the phase of the voltage 
waveform on the line 72 to the phase of the current 
flowing in the primary of the step-up transformer 
76. as determined by a current sense transformer 
550, This current sense transformer has its primary 
in series with the primary winding of the voltage 
step up transformer 76, The current sense trans- 
former 550 is, itself, a voltage step-up transformer 
such that the voltage generated across the primary 
winding by the cun-ent flow through the primary of 
the voltage step-up transformer 76 generates a 
voltage in the secondary of the cun-ent sense trans- 
former 550 which is a multiple of the voltage 
across the primary. The multiple depends upon the 
turns rato as between the primary and the secon- 
dary windings of the transfonmer 550. The current 
sense transformer 550 has less parasitic induct 
ance and parasitic capacitance than a current 
sense resistor which eliminates one possible 
source of error in determining when the frequency 
of the driving signal is most closely matched to the 
mechanical resonant frequency of the probe. How- 
ever, in alternative embodiments, such a current 
sense resistor may be used. Since the software 
uses the voltage swings on the secondary of the 
current sense transformer 550 as part of the in- 
formation needed to determine the phase angle, it 
is important to derive clear signals with a high 
signal to noise ratio. The current sense transformer 
550 improves the signal-to-noise ratio by stepping 
up the voltage across the primary winding of the 



transformer 550 to a level well above any noise. 

In the preferred emtxKllment. the output sigr^l 
from the secondary winding of the current sense 
transformer 550 Is applied directly to one input of 

5 the phase detector 50 which includes suitable inter- 
face circuitry to convert this signal to Information 
needed to determine the cunrent flow. In alternative 
emt>odiments. the R.M.S. value of the A.C. signal 
from the secondary wirKling may be converted to a 

70 D.C. signal value by an operational amplifier. The 
magnitude of this signal indicates the amplitude of 
the current flowing in the primary of the step up 
transformer 76. and, therefore, is indicative of the 
level of drive current in the probe 24. This D.C. 

75 signal may be coupled to one input of a two 
channel analog-to-digita! converter. The analog-to- 
digital converter converts the D.C. level on to a 
digital signal which indicates the level of the drive 
cunrent flowing in the primary winding of the step- 

20 up transformer 76. This information is used by the 
"Sweeper" software routine to be described t^low 
in determining the frequency for the dnve signal on 
line 72 which matches the mechanical resonance 
frequency of the probe 24. 

25 The phase angle between the voltage 
waveform on the line 72 and the current waveform 
in the primary of the transformer 76 is indicative of 
the degree of canceling of the reactive component 
of the probe impedance by tuning of the tuning 

30 inductor 36. A small or zero phase angle indicates 
substantially complete canceling of the reactive 
component The phase detector 50 is used to de- 
temnine this phase angle by comparing the signals 
on lines 816 and 817. Each time the signal on tiie 

35 line 72 makes a zero crossing, the SYNC signal so 
indicates. Each time the signal on line 81 7 crosses 
zero, the phase detector 50 senses this event. 
These changes of states on lines 817 and 816 are 
analyzed by the phase detector 50 to determine 

40 the then existing phase angle. Since tiie signal on 
line 72 is the driving voltage and the signal on line 
817 is proportional to the current passing through 
the probe 24 in response to the signal on the line 
72. tiie difference in times of occunrence of tiie 

45 changes of states on the lines 817 and 816 can be 
decoded into the corresponding phase angle. 

The phase detector 50 is a conventional 
Motorola integrated circuit or any equivalent which 
is commercially available. 

50 The magnitude of the phase angle error is 
indicated by the width of the pulses on lines 84 
and 86. The purpose of the integrator 52 is to 
average out the pulses over time so that the sys- 
tem has a smooth D.C. response to changes in the 

55 phase angle. The A/D converter 54 converts the 
analog phase angle error signal to a digital phase 
angle error word on bus 48. 

The microprocessor 808 performs the linear 
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power control. impedance^atching, and 
frequency-tuning functions of the invention by run- 
ning a program stored in local RAM 90. Vms mem- 
cry also includes ROM tor storage of lookup tables 
and other Information which does not change over 
the life of the system. 

Referring to Figure 3. equation (A), there is 
shown the expression which defines the relation- 
ships which exist when the piezoelectric crystals 
are being driven at the resonant frequency of the 
mechanical system. Equation B in Rgure 3 defines 
the value of the tuning inductance when it is In the 
tuned condition when the crystals are being driven 
at the resonant frequency of the mechanical sys- 
tem. Equation A represents the expression for the 
resonant frequency of the mechanical probe sys- 
tem for any particular temperature. 

In Rgure 2. the mechanical system is repre- 
sented by the components in the equivalent circuit 
labeled Rs. Cs. and U- The value of the compo- 
nent Rs represents the mechanical load engaged 
by the tip of the probe. The component Cs repre- 
sents the elasticity of the metal in the probe. The 
component Ls represents the mass of the probe. 
The value of the components Cs change with 
changing temperature. The temperature may 
change either because the ambient temperature 
changes or because of power dissipated in the 
probe through excitation of the crystals. The value 
of the component Rs changes greatly with the 
loading of the probe. 

The other components of the crystal/probe sys- 
tem equivalent circuit are Cp and Rp. The compo- 
nent Cp represents the parallel electrical capaci- 
tance of the crystals 28 and 30 in Rgure 1. The 
component Rp represents the leakage of electrical 
current t>etween the temninals of the crystals. 

At the mechanical resonance frequency, the 
reactive component represented by Cs Qw Cs) is 
exactly equal to and opposite in sign to the reac- 
tive component Ls (l/jw Ls). Since these two reac- 
tive components cancel each other out the equiv- 
alent circuit for the crystal/probe system is as 
shown in Rgure 4. As can be seen from Rgure 4. 
the equivalent circuit has a substantial capacttive 
reactance of the crystals 28 and 30. Thus the load 
impedance has a real component represented by 
the value of the resistors Rs and Rp in parallel, and 
a re active component of a capacitive nature repre- 
sented by the capacitance Cp. According to the 
teachings of the invention, maximum power effi- 
ciency will be achieved by tuning the tuning induc- 
tor Lt so as to cancel out the reactive component 
and the load impedance represented by Cp. When 
the crystals 28 and 30 are driven at the resonant 
frequency of the mechanical system for any par- 
ticular temperature, the necessary value for the 
tuning inductance is given by equation B in Rgure 



3. 

As can be seen from equation B. the value for 
the tuning inductance is highly dependent on the 
value for the resistive components Rs and Rp and 
5 upon the value of the parallel electrical capacitance 
of the crystals 28 and 30. This means that the 
necessary value for the tuning inductance to keep 
the probe system in proper tune will change with 
changing temperature, changing loading conditions, 
10 and changes in the level of power dissipated in the 
probe by the driving system. The reason for this is 
that either changes in ambient temperature or pow- 
er dissipation in the probe raises the temperature 
of the probe and therefore affects the elasticity of 
T5 the material. This changes the value of the compo- 
nent Cs in the equivalent circuit of Rgure 2 and 
therefore changes the mechanical resonant fre- 
quency as defined by equation A of Rgure 3. 
Changing loading conditions also change the me- 
20 chanical resonant frequency because, in addition to 
changing the value of Rs in Rgure 2, changing load 
also affects the value of Ls because the load be- 
comes an effective part of tiie mass of the system. 
This also changes the value of the mechanical 
25 resonant frequency defined by equation A by Rg- 
ure 3. . 

There is also provided a watchdog timer circuit 
602 which serves as a safeguard against software 
or computer failure. The watchdog timer Is con- 
30 stantiy counting up toward a timeout number and 
vrill be continually reset by the CPU 808 by a 
signal on the line 606 before the timeout number is 
reached as long as tiie CPU 808 is functioning 
properly. If the CPU gets trapped in an endless 
35 loop or somehow fails to reset the watchdog timer 
602. tiie timer will time out and assert a non- 
maskable intermpt on line 604. The CPU 808 is 
slaved to tiie nonmaskable interrupt and will always 
be vectored to tiie service routine which serves tiie 
40 nonmaskable interrupt regardless of whether tiie 
CPU is in an endless loop or not This service 
routine shuts dovm tiie system as a safety precau- 

^'^^ The voltage-controlled oscillator/programmable 
45 gain amplifier 56 has two frequency control Inputs: 
a coarse input 800 and a fine input 802. These two 
inputs receive tiie signals COARSE and HERTZ, 
respectively, from digitai-to-analog converters 804 
and 806. respectively. These digital-to-analog con- 
so verters receive digital signals from ttie CPU 808 on 
lines 810 and 812. respectively. These digital sig- 
nals define tiie analog levels for tiie signals on 
lines 800 and 802 and.tiiereby control tiie fre- 
quency of tiie output drive signal DRIVE PRE- 
SS QUENCY from tiie voltage-controlied oscillator on 
line 72. 

Each of ttie digital-to-analog converters 804 
and 806 receives a reference voltage from a preci- 
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sion voltage reference source 176 in the form of 
the signals REF 1 and REF 2, which are used as 
reference voltages for purposes of scaling the ana- 
log voltages on lines 800 and 802. 

To generate the signals on lines 810 and 812 
and do the many other functions described here, 
the CPU 808 runs the software described in the 
flow charts of the various figures described below. 
The CPU 808 is a Z-80 card which is commonly 
available. The voltage-controlled 

oscillator programmable amplifier 56 is manufac- 
ture by Exar Corporation. Model XR2206. 

The power level for the DRIVE FREQUENCY 
signal on line 72 is controlled by the foot-operated 
control 68 and the CPU 808 in combination with 
linear power control software 844 in Figure 5. The 
CPU 808 outputs a power control signal PWR 
LEVEL on line 562 to a digital-to-analog converter 
560. This dtgital-to-analog converter also received 
a reference voltage input signal REF 3 from voltage 
reference source 176. The digital-to-analog con- 
verter 560 generates an analog control signal 
called POWER CONTROL on line 814 which is 
coupled to a gain control input for the program- 
mable gain amplifier portion of the voltage-con- 
trolled oscillator. The signal POWER COrfTROL on 
line 814 controls the amplitude of the output signal 
DRIVE FREQUENCY on line 72. thereby controlling 
the power delivered to the handpiece 24. 

In the pretended embodiment the user estab- 
lishes the desired gain level by manipulation of two 
controls. The first control is the maximum power 
control 64 on the front panel 66. With the max 
power control 64. the user establishes the maxi- 
mum power level desired. The microprocessor 808 
reads this maximum power level tfirough an I/O 
circuit 68 of conventional design. In one embodi- 
ment, the hO circuit 68 Is an S 68466 board manu- 
factured by Micro/Sys of Glendale, California Any 
conventional method and apparatus for performing 
the 10 transactions between the microprocessor 
and the front panel 66 will suffice for purposes of 
practicing the invention. 

The other user-operable control with which the 
desired power level is set is a foot pedal 68. This 
control allows the user to establish the desired 
power level as a percentage of the maximum pow- 
er set by the control 64 by depressing a pedal with 
his/her foot The depression of the foot pedal op- 
erates a transducer which may be read by the 
microprocessor 808 through interface circuitry (not 
shown) of conventional design. In the preferred 
embodiment the foot pedal 68 is attached to a 
surgical instrument called the MVS-XIV or MVS-XX 
(both trademarks of Alcon Laboratories, inc.) manu- 
factured by the Alcon Surgical Instrumentation Fa- 
cility of San Leandro. Calif omia which is described 
in U.S. patent 4.470.654 which is hereby incor- 



porated buy reference. This "middleman" architec- 
ture is not critical to the mvention. and a direct 
connection between the microprocessor 808 and a 
foot pedal 68 with conventional interface circuitry 

5 may also be used. With the MVS-XIV present 
however, the aspiration vacuum is generated to 
support the operation t>eing performed with the 
probe which is quite convenient This vacuum is 
coupled by a vacuum line (not shown) to the probe 

10 24. 

The microprocessor 808 performs a scaling 
operation using data from the foot pedal 68 and 
from the maximum power control 64. The micro- 
processor 808 simply combines the two numt>ers 

IS from the max power control 64 and the foot pedal 
68 to determine the percentage of full-scale power 
currently desired by the user. This number is then 
output on the bus 562 to the D A converter 560. 
The load current feedback signal CURRENT on 

20 tine 820 is generated by a filter demodulator circuit 
822 coupled to the current sensor 550 coupled in 
series with the primary winding of the output trans- 
former 76, The input signal on line 824 to this 
filter demodulator is essentially a sine wave having 

25 the frequency of the driving stgnal on line 72 and 
having an amplitude which is related to the am- 
plitude of the drive signal on line 72. The CPU 808. 
however, is only interested in the level of the 
envelope of the "peak's of the alternating current 

30 signal on line 824. Therefore, the fitter-'demodulator 
circuitry 822 can be any conventional demodulation 
circuitry for AM demodulation. Specifically, it com- 
prises a rectifier to convert the A-C. signal to a train 
of D.C. pulses and a fitter to smooth these D.C. 

35 pulses out so as to create a D.C. signal having an 
amplitude which is related to the amplitude of the 
envelope of the signal CURRENT on line 820. This 
signal tells the CPU 808 how much load current the 
prot^, i.e.. handpiece, 24 is drawing through the 

40 output transformer 76. Since at resonance, the load 
cunrent will be a maximum, the CURRENT signal is 
used to detect when the resonance occurs by 
detecting the "peak** load current and examining 
the slope of the load current versus frequency 

45 function. When the actual resonance frequency is 
found, the frequency of the drive signal on 72 at 
which this resonance occunred is noted by the CPU 
808 and. thereafter, the CPU controls the voltage- 
controlled oscillator 56 so as to deliver this fre- 

50 quency at all power levels commanded by the foot- 
operated power control 68 until such time as re- 
tuning is performed automatically or is requested 
by the user. Both of these options are contem- 
plated as within the teachings of the invention. 

55 The process of tuning the voltage-controlled 

oscillator to find the resonance frequency is an 
ongoing foreground process which occurs when- 
ever a routine called "sweeper** is performed. In 
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some embodiments, the "sweeper" routine is per- 
formed periodically and in some embodiments, the 
"sweeper" routine is perfomned only when called 
by the main loop under conditions such as power 
being first applied to the handpiece, a new hand- 
piece is attached etc. Thus, as conditions such as 
probe temperature and load change so as to alter 
the resonance frequency of the probe, the new 
resonance frequency is found in some emljodi- 
ments. and the voltage-controlled oscillator Is com- 
manded through the digital signals on line 810 and 
812 to deliver the drive signal on line 72 at the new 
resonance frequency. 

The CPU 808 from time to time also checks 
the phase angle difference between the drive signal 
voltage and the load current through monitoring of 
the signal PHASE on line 818. In the prefenred 
embodiment this process is stopped and the tun- 
ing inductor is tuned to minimum inductance during 
a resonance tuning interval when the "sweeper" 
nsutine is active in tuning the voltage-controlled- 
oscillator. A "minimizer" software routine performs 
the phase angle tuning after the "sweeper" routine 
finishes its process of locating the mechanical res- 
onance frequency and tuning the VCO to output a 
drive signal at this frequency. When the 
"minimizer" routine is active, and the phase angle 
difference becomes larger than a desired value, the 
CPU 808 acts through a digital-to-analog converter 
40 and an amplifier 38 to alter the inductance of a 
tunable inductor 36 so as to cancel the capacitive 
reactance of the load. This minimizes the phase 
angle difference between the driving signal voltage 
and the load current. The inductance of the tuning 
inductor is altered by changing the flux in the 
tuning inductor core through use of O.C. bias coils 
828 and 830. These bias coils are connected in 
series and are driven by the signals FLUX COIL 
BIAS 1 and FLUX COIL BIAS 2 on the lines 832 
and 834. The D.C bias existing between the lines 
832 and 834 is controlled by a digital signal HEN- 
RY on line 46 from the CPU 808. This digital signal 
is input through the digital-to-analog converter 40. 
which also receives a D.C. voltage reference level 
signal REF 4. The digital-to-analog converter con- 
verts the digital level represented by the signal 
HENRY to an analog signal on iine 42 which con- 
trols the output of an amplifier 38 so as to drive the 
signal lines 832 and 834 with the appropriate D.C. 
bias level. 

Finally, note that the drive signal to the probe 
handpiece on lines 836 and 838. i.e., the signals 
DRIVE 1 and DRIVE 2. respectively, are coupled 
through the tunable Inductance coll 826 such that 
the DRIVE 2 signal is coupled to the common node 
between the crystals 28 and 30 while the DRIVE 1 
signal Is coupled collectively to the outer nodes of 
the crystals 28 and 30. In other words, center drive 



between the two crystals 28 and 30 is used. 

Refening to Figure 5, there is shown another 
representation of the combination of hardware and 
software which cooperates to implement the teach- 
5 ings of the invention. Again, lilce numbers between 
Figures 5 and 1 indicate that the circuitry is similar 
and performs a similar function. The handpiece is 
represented by the load 24. The variable frequency 
variable amplitude driving signal for the load ap- 
10 pears on the line 836/838 and is generated by the 
driver 74/76. The circuitry inside the dashed line 56 
represents the voltage-controlled oscillator 842 and 
the linear programmable amplifier 840. The gain 
control signal to the linear programmable amplifier 
,6 840 is the PWR LEVEL signal on line 814. The 
voltage-controlled oscillator 842 has a fine frequen- 
cy control signal HERTZ on line 802 and a coarse 
frequency control signal COARSE on line 800. 
Power dissipation is controlled by a linear power 
20 delivery software routine 844 combined witii the 
CPU 808 an a foot-operated control 68. This power 
delivery routine 844 generates the signal PWR 
LEVEL on line 814. The power delivery routine 844 
has two interiocks represented by the TUNE nag 
25 represented by line 846 and the STOP POWER 
flag represented by the line 848. The TUNE flag 
will be set when a tuning routine called "sweeper", 
represented by box 850. indicates that the load 24 
has not been properly tuned and that power should 
30 not be applied. The STOP POWER flag repre- 
sented by line 848 will be set when a ground fault 
detect routine represented by box 852 indicates 
that a ground fault has been detected. A ground 
fault occurs any time certain conditions of three 
35 bits stored in a latch 823 occur. These three bits 
are set. respectively, by the presence of the SYNC 
output signal on line 816. presence of an output on 
line 824 from the cun-ent sensor and the presence 
of a connected handpiece as indicated by a signal 
40 HANDPIECE CONNECTED on line 825, A typical 
ground fault condition would be tiiat no handpiece 
is connected. Another would be that there is a 
SYNC output signal but there Is no output signal on 
line 824 indicating that no load cun-ent is flowing. 
45 The cun-ent tiirough tiie load 24 is sensed by 
the cun-ent sensor 550. The cun-ent sensor is coup- 
led to a shaper circuit 854 to condition the signal 
on line 824 for use by the phase detector 50. The 
phase detector also receives tiie SYNC signal on 
50 line 816 through a shaper 856 which sen/es to 
condition the SYNC signal for use by the phase 
detector 50. The phase detector is a Motorola 
MC4044 integrated circuit in the prefenred embodi- 
ment 

55 The phase detector output is coupled by a 

compensation networic 52*54 to the CPU (not sepa- 
rately shown). The output of tiie compensation net- 
woric is tiie signal PHASE on line 818. 
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The output of the current sensor 550 on line 
824 is also cx3upled to a rectifier 858 and a filter 
860 which combine to amplitude demodulate the 
signal on line 824 and generate a D.C. varying 
signal called CURREhfT on line 820 which is pro- 
portional to the magnitude of the envelope of the 
signal on line 824. The signal CURRENT on line 
820 is read by the CPU 808 and used in the 
"sweeper" software routine to tune the voltage- 
controlled oscillator 852 to output a drive signal on 
line 860 which has a frequency which matches the 
mechanical resonant frequency of the load 24. The 
"sweep»er" routine and alt the other software rou- 
tines will be explained functionally in terms of flow 
charts and any code that implements the functions 
described in these flow charts will suffice for pur- 
poses of practicing the Invention. The "sweeper" 
routine causes two main output signals to be gen- 
erated by the CPU 808 to control the frequency of 
the voltage-controlled oscillator 842. These two 
digital output signals are the signals COARSE and 
HERTZ on lines 800 and 802, respectively. 

The "sweeper" routine also sets a LOOP flag, 
represented by line 864. to disable the operation of 
a "mtnimizer" routine to tune away any PHASE 
angle error and represented by box 866. The 
" minim izer" routine serves to determine the current 
PHASE angle error between the driving signal volt- 
age anc the load current and to alter the induc- 
tance of a tuning inductor, represented by box 36. 
so as to minimize or eliminate this PHASE angle 
error. It is undesirable to periorm this process while 
the voltage-controlled oscillator is being tuned to 
the resonant frequency t>ecause any inductance by 
the tuning inductor might lead to finding a false 
resonant frequency. Thus, the loop flag 864 is used 
to disable this process during activity by the 
"sweeper" routine. 

The "minimizer" routine 866, when activated, 
causes the CPU 808 to read the signal PHASE on 
line 818 and to generate an output signal HENRY 
on line 46 to the driver 40. T\m output of the driver 
40 is an analog D.C. bias signal on line 832/834. 
This signal is transformftd by a D.C.-to-HENRY 
transformation circuit impiemented by the tuning 
inductor 36 and represented by the tx>x 36. Line 
868 represents the effect of the changing magnetic 
flux in the tunable inductor 36 thereby altering the 
inductance of the tuning inductor In series with the 
load and causing the load Impedance to loolc as 
close to a pure resistance as (xjssible. 

A filter 870. implemented in software as a 
delay function, is used to control the loop fre- 
quency response. This delay is necessary to sta- 
bilize the operation of the servo loop used to mini- 
mize or eliminate the PHASE angle error. Because 
this servo loop includes a tunable inductor which 
cannot change states £is rapidly as the computer 



can compute con-ection factors, each correction is 
delayed until the servo loop has had a sufficient 
opportunity to implement the previous correction. 
Implementation of each correction is by alteration 
5 of the inductance of the tunable inductor. The filter 
870 also represents a software routine which sets 
the level of the output signal HENRY on line 46 at 
a predetermined statistically determined nominal 
operating point for most handpieces prior to re- 
10 lease of control of the power control function to the 
surgeon manipulating the foot-operated control 68. 
This operating point is empirically determined as 
the nominal operating point for most handpieces 
which can be connected to the system. The soft- 
15 ware filter routine 870 sets HENRY at this nominal 
operating point during a postcharge routine which 
IS part of this filter function and sends a signal to 
the power delivery routine 844 to cause it to apply 
full power to the load for three seconds prior to 
20 release of control to the surgeon. The interaction 
between the software filter routine 870 and the 
power delivery routine 844 is represented by the 
line labeled postcharge 872 although the post- 
charge routine is software and not a signal, signal 
25 tine or a flag. This postcharge routine enables 
smoother operation of the system since the operat- 
ing point of the load has already been set at a 
point which is very close to the correct operating 
point prior to allowing the surgeon to cttange the 
30 system's operating conditions. As the surgeon 
changes the system operating conditions such as 
the level of power applied to the handpiece, the 
mechanical loading on the handpiece, the probe 
temperature and so on, the system automatically 
35 compensates for changes in phase angle and me- 
chanical resonance frequency in some embodi- 
ments, thereby constantly keeping the ioad 24 
tuned to optimum operating conditions. 

Referring to Rgure 6. there is shown a typical 
40 plot of load current versus frequency for a typical 
"sweeper" tuning cycle. The resonant frequency of 
the probe is found where the load cun-ent is at a 
"peak", as shown at 876, and where the slope of 
the load current change versus frequency change 
45 is betow a specified level. The software of the 
"sweeper" routine finds the resonant "peak" by 
finding the "peak" load current and examining the 
slope of the function of load cunrent versus fre- 
quency at least at this "peak". In some embodl- 
50 ments. continuous slope calculations are performed 
but this is not critical. Tlie slope calculation can be 
made only at what appears to be each new "peak". 
If this slope at the "peak" is within predetermined 
limits in some emtxjdinnents or less than a pre- 
ss determined slope in the preferred embodiment, 
then the "peak" is accepted as a legitimate reso- 
nance "peak". If not the "peak" is rejected a 
spurious "peak" not at the mechanical resonance 
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frequency. The software of the "sweeper" routine 
also performs specific operations during a 
"precharge* interval to improve perfomnance of the 
servo loop for tuning the tunable inductor. During 
the "precharge- interval, the software of the 
"sweeper" routine causes the CPU to output a 
predetermined value for the control signal HENRY. 
After this predetermined level is established, a de- 
lay is imposed to allow the Inductance of the tuning 
inductor to change to the new value established by 
the value of the control signal HENRY. No changes 
in the drive frequency to the probe are allowed 
during this delay of the "precharge" interval. Dur- 
ing the "precharge" interval, the value of the con- 
trol signal HENRY is changed to a very large 
voltage so as to cause the D.C. bias coils 828 and 
830 in Figure 1 to saturate the core of the trans- 
former 36 with magnetic flux. This minimizes or 
eliminates any inductive characteristic of the tuning 
coil 826. This is desirable so that the Inductance of 
the tuning Inductor does not play a role in estab- 
lishing the resonant frequency found by the 
"sweeper" routine. Since the reactance of an in- 
ductor changes with changing frequency, having 
the tuning Inductor In the circuit during a sweep 
could lead to a false resonance. TTie "precharge" 
routine eliminates the possibility. 

Refening to Figure 7. there is shown a flow 
chart for the "minimizer'* routine 866 in Rgure 5. 
This routine starts at step 880 with a test to deter- 
mine whether the foot switch is down, indicating 
that the surgeon desires to apply power to the 
probe and that the LOOP flag is in a state indicat- 
ing that the "sweeper" routine has tuned the sys- 
tem such tfiat the voltage-controlled oscillator Is 
now operating at the resonance frequency of the 
probe. The purpose for step 880 is to not allow the 
"minimizer" routine to minimize the phase angle 
error unless power is being applied to the probe 
and the system has been tuned to the mechanical 
resonance frequency of tiie probe. The "minimizer" 
routine is called 30 times per second by a timed 
interrupt. Thus the PHASE minimization function of 
ttie "minimizer" routine is performed in background 
to the operations in the main loop. 

If both the foot switch is down and the LOOP 
flag indicates tiiat tuning of the tuning conductor Is 
permissible, processing advances to step 882. In 
this step, a variable SUPPRESS is tested to deter- 
mine If its value Is greater tiian 30. The SUP- 
PRESS variable is a variable wttich is used to 
cause a delay of one second from foot pedal 
depression before any furtiier conrections of the 
control signal HENRY are allowed. Since the 
"minimizer" routine Is called 30 times per second, 
and the SUPPRESS variable is incremented by 1 
by step 884 upon each call until the SUPPRESS 
variable has a value greater than 30. a one second 



delay is tiiereby Implemented, The purpose for this 
delay Is to improve the response of the system 
when the foot switch is first pressed by the sur- 
geon. Because of the characteristics of the servo 

5 loop, when a servo correction is made, power dies 
momentarily while the sen^o loop stabilizes at its 
new operating point This Is because of the char- 
acteristics of the tuning inductor and the inability to 
change cunrent flowing through an inductor instan- 

10 taneously. Since the surgeon expects immediate 
response when the foot switch is pressed, the 
delay is used to not allow any con-ections within 
the first second after depression of the foot switch 
so that power response appears to be instanta- 

fs neous. 

Retuming to step 880. if the result of tiiis test 
Is false, meaning either that the foot switch is not 
depressed or that the LOOP flag indicates that the 
"sweeper" routine is still tuning, processing 

20 branches to step 886. where tiie SUPPRESS vari- 
able is set to zero. Thereafter, processing flows to 
step 888. where the value of tiie PHASE variable is 
arbitrarily set to the constant 2047. Nomnally the 
PHASE variable is set by the value of the PHASE 

25 control signal on fine 818 received from tiie com- 
pensation network 5254 in Figure 5. However, me 
PHASE variable can be set at a constant, if de- 
sired. The value of tiie PHASE variable can vary 
from zero to 4095. The midpoint of tills range is 

30 2047 and corresponds to a zero-degree phase an- 
gle error. The phase angle range of 2047 * 2047 
conBsponds to a phase angle en-or of plus or 
minus 180 degrees. Thus, step 888 is equivalent to 
arbitrarily setting tiie phase angle emor at zero. 

35 Thereafter, processing flows to step 890 to exit tiie 
"minimizer" routine and return to tiie calling pro- 
cess. 

Retuming to step 882. if the value of tiie SUP- 
PRESS variable is less tiian 30. the step 884 

40 increments the variable by 1. and processing flows 
to steps 888 and 890. if however tiie value of tiie 
SUPPRESS variable is found to be greater than 30. 
tiie one-second delay implemented tiiereby has 
elapsed, and a conrection of tiie phase angle enror 

45 can begin. The first step In tiiis process is symbol- 
ized by block 892 which calls tiie "default phase" 
$ut}routine. 

Refemng to Rgure 8. there is shown a flow 
chart of tiie "default phase" subroutine called by 

50 the "minimizer" routine of Rgure 7. The first step 
in tiie default phase routine is step 896, where the 
value of the PHASE variable is tested to determine 
if It is greater than the constant 2047. The PHASE 
variable will have been set by the value of tiie input 

55 signal PHASE on line 818 in Rgure 5. Since tiie 
value 2047 for tiie PHASE variable indicates a zero 
degree phase angle, step 896 is a test for the 
existence of a positive phase angle. If tiie phase 
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angle is positive, that phase angle is used for the 
default phase, and processing flows to step 898 to 
return to the "minimizer* routine at step 900. If the 
phase angle error is negative, or less than 2047. 
processing flows to step 302 where the value of the 
PHASE variable is art^itrarily set to a default con- 
stant of 3072. Thereafter, processing flows to step 
904. where the software causes the microprocessor 
to output a value for the control signal HENRY 
equal to 3072. Thereafter, processing returns to the 
"minimizer" routine of Figure 7 at step 900. 

Step 900 of the "minimizer* routine is a call to 
a subroutine called conrect. Referring to Rgure 9, 
there is shown a flow chart of the subroutine 
"correct". The first step in the subroutine "conrect" 
is a test of the MARGIN variable to see if it is 
greater than a variable ALLOWED. The variable 
MARGIN is equal to the absolute value of another 
variable called DELTA. DELTA is a variable cal- 
culated by a step 908 in Rgure 7 and is indicative 
of the size of the phase angle error. Specifically, 
step 908 in Rgure 7 calculates DELTA by subtrac- 
ting a constant phase angle en^r THETA from the 
value of the PHASE variable set by the actual 
phase angle error. THETA is a constant phase 
angle error introduced by the circuitry of the ser- 
vomechanism which cannot be eliminated. The AL- 
LOWED variable sets a minimum phase angle error 
which is acceptable. If the MARGIN variable is 
greater than the ALLOWED variable, then adjust- 
ment to the tuning inductor must be made. If the 
MARGIN variable is less than the ALLOWED vari- 
able, then the phase angle error is within accept- 
able limits and no correction need be made. In this 
event, processing flows to step 910. which returns 
processing to the calling process, i.e., processing 
flows to step 908 in Rgure 7. 

Retuming to step 906. if tiie phase angle is 
greater than the allowed minimum phase angle, 
processing flows to step 912, where the value of a 
^ variable called TWEAK is set at the value of DEL- 
TA divided by 2. Input/output step 914 is then 
performed where the software causes the micro- 
processor to set the value of the control signal 
HENRY equal to the old value for HENRY plus the 
value of the vanable TWEAK calculated in step 
912. Next, a step 916 is performed wherein a 
subroutine called "capture" is called. 

Referring to Rgure 10, there is shown a flow 
chart of the "capture" subroutine. The first step in 
the subroutine Is the test represented by block 918. 
This test determines whether the value of the con- 
trol signal HENRY is greater than the value of a 
variable called LOW-LIMIT. If the value of the con- 
trol signal HENRY is less than the value of the 
constant LOW-LIMJT. then step 920 is performed 
wherein the value for the variable HENRY is set 
equal to a constant called RETREAT which is ba- 



sically a constant at or near the opposite rail or 
limit. This value for HENRY is then output by the 
microprocessor on line 46 to the driver 40 38 in 
Rgure 5. If the value of the variable HENRY is 

5 greater than the constant LOW-UMIT. then step 
922 is performed, where the value of the HENRY 
variable is tested against a high limit symbolized 
by the constant HI-LIMIT. If the value of HENRY is 
less than HI-LIMIT, then step 924 is performed to 

10 return processing to the calling process, i.e.. step 
910 in the subroutine "correct", illustrated in Rgure 
9. If the value of the variable HENRY is greater 
than the constant Hl-LIMIT, then a step 926 is 
performed wherein the value of HENRY is set 

IS equal to the value of the constant HI-LIMIT. 

The purpose of the "capture" routine is to 
capture the value of the variable HENRY within a 
range defined by the constants RETREAT and Hl- 
LIMIT. This prevents the control signal HENRY 

20 from making excursions outside the desired range 
and causing the servo loop controlling the tuning 
inductor to have to make large corrections to mini- 
mize the phgise angle. Making large corrections 
slows the response time of the servo loop down 

25 t>ecause each large correction requires changing 
the value of the tuning inductor inductance by large 
amounts. Since this inductor cannot change its 
inductance rapidly because the level of cunnent flow 
in the D.C. bias coils instantly, such large changes 

30 take h^ng intervals. 

The return from the "capture" routine is to the 
"correct" routine at step 910. The return from step 
910 of the "correct" routine is to step 908 of the 
"minimizer" routine shown in Rgure 7. Step 908 

35 calculates the value of the variable DELTA by 
reading the cunrent value of the PHASE variable as 
set by the PHASE control signal received from the 
compensation network 52-54 in Rgure 5, The value 
of PHASE has subtracted from it the value of the 

40 constant THETA. 

Next, a step 928 is performed in the 
"minimizer" routine to divide the value of DELTA 
by a factor of 8. This prevents corrections of the 
value of the control signal HENRY which are large. 

45 Thereafter, step 890 is performed to exit the 
"minimizer" routine and return processing to the 
calling point of the main loop of the software. The 
above-described processing of the "minimizer" 
routine is performed 30 times per second. 

so Referring to Rgure 1 1 , there is shown a flow 

chart of the "sweeper" routine, which tunes the 
frequency of the voltage-contratled oscillator to 
match the mechanical resonance frequency of the 
handpiece. The first step in the "sweeper" process 

55 is symbolized by block 934. which tests a MIS- 
TUNE variable to determine if the second least 
significant bit is a logic one. This bit is used by 
other routines (not shown) in the software to man 
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age an "analysis" subroutine to be described fur- 
ther below. If for any reason the handpiece must 
be retuned, the second least significant brt of the 
MISTUNE variable will be set to a logic 1- This can 
occur when a new handpiece has been connected, 
or for other reasons such as a user request in 
some embodiments- For present purposes, the 
-analysis" subroutine should be understood as the 
software which causes the microprocessor to alter 
the frequency of the voltage-controlled oscillator 
until the mechanical resonance frequency of the 
handpiece is found or. for some reason, the reso- 
nance is not found and a FAILURE flag is set 

If the second least significant bit of the MIS- 
TUNE variable is found to be a logic 1. processing 
flows to step 936. which represents a call to the 
"cold-sweep" subroutine. The "cold-sweep" sub- 
routine calls the "analysis" subroutine after setting 
up appropriate input condiUons so as to tune the 
voltage-controlled oscillator. Upon return from the 
"cold-sweep" subroutine, the retum step 938 in the 
"sweeper- routine is performed to retum control to 
the calling process in the main loop (not shown). 

If the second least significant bit of the MIS- 
TUNE variable is a logic 0. then processing flows 
to step 938. which represents a retum to the calling 
process in the main loop. The details of the main 
loop of the program. Including the calling process, 
are not critical to understanding the invention, and 
are not described further herein. 

Referring to Figure 12A, there is shown a flow 
chart of the "cold-sweep" subroutine. The purpose 
of the "cold-sweep" subroutine is to tune the hand- 
piece by invoking the "analysis" subroutine and to 
handle user interface functions in the form of au- 
dible feedback and a light-emitting diode on the 
front console to give the status of the tuning pro- 
cess. The "coW-sweep" subroutine also invokes 
the "postcharge" subroutine previously described. 
As earlier noted, the "sweeper" routine disables 
the PHASE "minimizer" routine 866 in Figure 5 
through use of the LOOP flag 864 in Figure 5 
during the tuning process. 

To implement the function of visual feedback to 
the user, step 940 disables a light-emitting diode 
on the front panel near the connector where the 
handpiece is attached to the system. The next 
step, symbolized by block 942. is to cause this 
light emitting diode to blink. Thus, the user knows 
that a tuning process is undenway when the light 
emitting diode is blinking. 

It is important that only compatible phacoemul- 
sification handpieces be connected to the system. 
To this end, a step 944 is perfonned to test the 
connected handpiece to determine if it is compati- 
ble. Any sensing scheme to determine the com- 
patibility of the handpiece will suffice for purposes 
of practicing the Invention, and the details of this 



sensing are not critical to understanding of the 
invention. If the test of block 944 detemiines that 
an incompatible handpiece has been connected to 
the system, then step 946 is perfomied to retum 
5 processing to the calling routine, i.e.. "sweeper", at 
step 938. Retum step 938 then retums processmg 
to the calling process in the main loop. Thus, when 
an incompatible handpiece is connected to the 
system, "cold-sweep* does not invoke the 
10 "analysis" subroutine, and no tuning can occur. 

If test 944 detennines that a compatible hand- 
piece is connected, a step 948 is perfomied 
wherein a RANGE variable is set to a constant 
FULL The RANGE variable is a control vanable 
IS used to enable or disable performance of the 
"analysis" subroutine. If RANGE Is set to full, the 
"analysis" subroutine will perfom\ its tuning func- 
tion If. on the other hand, the RANGE variable is 
set to the value of a variable called MINIMUM, then 
20 the "analysis" routine will simply retum immedi- 
ately upon being called without having performed 
any tuning activity. 

The next step in the "coid-sweep" routine is 
symbolized by block 950 on Rgure 12B. This step 
25 sets the value of a variable called FAULT-GNTR 
equal to a constant called TRIES. This establishes 
the number of tuning attempts which will be made 
before a FAILURE flag is set indicating no success- 
ful tuning of the handpiece has been accomplished. 
30 Next, the "cold-sweep" routine calls the 
"analysis" subroutine, as symbolized by block 952. 
The details of the "analysis" subroutine will now be 
described. 

Refening to Rgure 13. there is shown a flow 
35 chart of the "analysis" subroutine. The first step in 
the "analysis" subroutine is a test to detemiine the 
value of the RANGE variable as symbolized by 
block 956. If the RANGE variable is equal to a 
constant called MINIMUM, then processing flows 
40 immediately to step 958. which retums processing 
to step 960 in the "cold-sweep" routine shown in 
Rgure 12B. Processing by steps 960 and following 
of the "cold-sweep" routine will be described In 
more detail below, if the value of the RANGE 
45 variable is found to be not equal to the constant 
MINIMUM, then a step 962 is perfomied wherein 
the LOOP flag is set to a false condition. This 
disables the operation of the phase "minimizer" 
routlne previously described. 
50 Next, a step 964 is performed to call a WIN- 
DOW subroutine. This routine calculates the mini- 
mum frequency and maximum frequency between 
which the voltage-controlled oscillator will be tuned 
during the tuning process. Basically the window 
55 subroutine calculates a variable called MINIMUM 
which sets the lower boundary of the tuning win- 
dow m the prefen-ed embodiment, the variable 
MINIMUM Is set at zero. The "window" subroutine" 
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also sets a variable called MAX-FREQ to a value of 
4096. These two numbers establish a window for 
tuning of the voltage-controlled oscillator by vari- 
ation of the fine tuning control signal HERTZ. The 
coarse tuning is controlled by the value of a vari- 
able COARSE which is set by a "chk-limit" subrou- 
tine to be descrit>ed t>elow to move the center 
frequency of the fine tuning window throughout the 
tuning band. Basically, the process is to set 
COARSE, sweep HERTZ and look for a resonance 
peak within the inner 50% of frequencies swept by 
HERTZ. If no resonance peak is found within this 
inner 50*'o of frequencies, hereafter called the AC- 
CEPTABLE band, then COARSE is incremented to 
move the center frequency of the fine tuning win- 
dow up 800 Hertz and the process is started again. 
The details of why only the inner 50% of fre- 
quencies of the fine tuning window are used will be 
given below. 

The control signal HERTZ can vary tsetween 
analog voltages which are proportional to digital 
values for the variable HERTZ. These values range 
between zero and 4096. When the value of the 
HERTZ variable is 2047. the voitage-controiled os- 
cillator will operate at the center frequency estab- 
lished by the control signal COARSE. For each 
count of the vanable HERTZ below the value 2047. 
the vottage-controlled oscillator will operate at a 
frequency of 1.6 hertz below the frequency estab- 
lished by the control signal COARSE. For every 
count of the variable HERTZ above a value of 
2047. the frequency of the voltage-controlled os- 
cillator will be 1.6 hertz above the frequency estab- 
lished by the control signal COARSE standing 
alone. The variable SWEEP-FREQ set by the sub- 
routine "window" represented by block 964 in Rg- 
ure 1 3 represents a pointer for the cunrent operat- 
ing frequency, i.e.. the position within the fine- 
tuning window at which the voltage-controlled os- 
cillator is currently operating. The variable MAX- 
FREO establishes the upper limit for the window 
and an upper limit for the pointer variable SWEEP- 
FREQ. 

It is now time to tune out the effect of the 
tuning inductor prior to a resonance tuning phase. 
To this end, the "analysis* subroutine calls the 
"precharge" subroutine, as symtjolized by block 
966 in Figure 13. The details of this subroutine are 
shown in the flow chart of Figure 14. 

Referring to Figure 14, the first step in the 
"precharge" subroutine is to set the value of the 
variable HENRY to a constant to reduce the induc- 
tance of the tuning inductor to a minimum. This 
causes the microprocessor to set the value of the 
control signal HENRY to the driving circuitry for the 
tuning inductor such that the D.C. bias is increased 
to the point where flux saturation occurs and the 
inductance of the tuning inductor is thereby mini- 

0 



mized. This process is symbolized by block 968. 

Next a delay of one second is implemented to 
allow the inductance of the tuning inductor to catch 
up with the changes in the value of the control 

5 signal HENRY. This step is symbolized by block 
970. Thereafter, step 972 is performed wherein 
return to the next step in the "analysis" subroutine 
is performed. 

Returning to consideration of the "analysis" 

10 subroutine, it is now necessary to set an appro- 
priate power level to the protw. This process starts 
with the step symbolized by block 974 wherein the 
value of a variable BOUNDARY is saved. The 
BOUNDARY variable is an offset value controlling 

IS the power applied to the handpiece. Power applied 
to the handpiece is set at a level which is equal to 
the value of the variable BOUNDARY plus the 
value of a relative offset from the BOUNDARY 
value established by the position of the foot op- 

20 erated power control. The power control software, 
some embodiments, has numerous safety inter- 
locks which will not altow power to be applied to 
the handpiece through use of the foot operated 
control unless certain conditions are satisfied. How- 

25 ever, the value of the BOUNDARY vanable is not 
protected and can be altered by the CPU without 
first satisfying the various conditions. Therefore, 
power can be applied by the software and the CPU 
to the handpiece simply by varying the value of the 

30 BOUNDARY variable. The step 974 saves the cur- 
rent BOUNDARY value for later restoration after the 
tuning process, since a nominal power level will be 
established by the software for the tuning process 
per se. This nominal power level is established in 

35 step 976 by setting the value of the BOUNDARY 
variable to the value of a constant called NOMI- 
NAL 

Steps 978 through 984 are preparation steps 
for setting the values of various variables prior to 

40 calling the subroutine "peak". This subroutine de- 
termines when a peak of load cunrent has occun'ed 
and calculates the slope of the change in load 
cunrent versus the change in operating frequency 
of the voltage-controlled oscillator. Steps 978 and 

4S 979 are optional and set flags labeled P-SLOPE 
and N-SLOPE. Step 980 sets the sweep frequency 
pointer variable SWEEP-FREQ to the value of the 
variable MINIM UIVI calculated by the window sub- 
routine 964 to set the frequency pointer at the 

50 lower boundary of the tuning window. Step 981 
sets the value of the HERTZ variable equal to the 
value of the variable MINIMUM to set the fre- 
quency of the voltage-controlled oscillator at the 
lowest frequency in the tuning window. 

55 Step 9S2 sets the value of a variable l-PEAK 
equal to the value of the variable MINIMUM. The 
variable l-PEAK is used as a register to store the 
highest recorded value for the load cunnent re- 

15 
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corded to date. 

Step 983 sets the value of a variable RESO- 
NANCE equal to the value of the variable MINI- 
MUM. The RESONANCE variable is used to record 
the value of the variable SWEEP-FREQ at the point 
where the mechanical resonance frequency of the 
handpiece has t>een found. 

The step 984 sets the value of a variable 
SLOPE equal to the value of the variable MINI- 
MUM. The SLOPE variable is used to record the 
result of the slope calculation perfomned in the 
"peak" subroutine shown in Figure 17A. Thus, 
steps 978 through 984 simply initialize the value of 
the various variables such that they are In a known 
state prior to calling the subroutine "peak". 

Step 986 represents the call to the subroutine 
"peak". The details of the "peak" subroutine and 
the subroutines called by this subroutine will be 
discussed below. Upon return from the "peak" 
subroutine, the step 994 Is performed. This step 
decrements a variable FAULT-CNTR and is per- 
formed upon each return from the "peak" subrou- 
tine indicating that a another try to find the reso- 
nance frequency has been performed. Once the 
"peak" subroutine is called, the variable SWEEP- 
FREQ is continuously incremented and load cur- 
rent tests and slope calculations are performed at 
the various operating frequencies until the upper 
frequency in the tuning window has been reached. 
At that time, peak returns to step 994 of the . 
"analysis" subroutine indicating that a complete 
sweep through the current tuning ^.window has been 
performed. 

Next, a step 997 is performed wherein the 
value of the variable FAULT-CNTR is compared to 
zero to detemiine is the allotted number of tries or 
sweeps has been performed. If the allotted number 
of tries has been performed and no resonance 
frequency has been found, step 997 will find 
FAULT-CNTR equal to zero, and win branch to step 
999 where an en-or message will be sent to the 
console. Thereafter, in step 1001, a FAILURE flag 
will be set indicating that no resonance frequency 
has been found in the allotted number of tries. 
Then, return step 958 is performed to return to 
step 960 of the "cold-sweep** subroutine. 

Returning to consideration of the "cold-sweep" 
subroutine, step 960 tests the condition of the 
FAILURE flag, if it is set step 1003 is performed to 
disable a blink routine to stop blinking bf the light- 
emitting diode (LED) on the front panel of the 
system. Next, a step 1005 is perfomied to disable 
to LED thereby keeping the LED dari< and indicat- 
ing to the user that the tuning has not been suc- 
cessful for some reason. The user can then investi- 
gate the problem. 

If the lest of step 960 determined that the 
FAILURE flag Is not set then a successful tuning 



phase has been performed and the VCO is now 
tuned to operate at the mechanical resonance fre- 
quency of the prolje. In this event a call to the 
"postcharge" subroutine is performed as symbol- 
5 ized by step 1009. The flow chart for this subrou- 
tine is given in 15. 

Referring to 15. the first step in the 
"postcharge" subroutine is to set the TUNED flag 
to enable the power delivery routine in the main 
JO loop to deliver power on demand to the handpiece. 
Next a step 1013 Is performed to set a LOOP flag 
to enable operation by the "minlmizer" routine to 
tune away any phase angle. 

A step 1015 sets a flag FS-DOWN to artificially 
75 simulate a request for power. This is done because 
part of the function of the -postcharge" routine Is 
to apply power for 3 seconds to allow the hand- 
piece and tuning inductor to setUe at an operating 
point which will be somewhat close to the actual 
.20 operating point which be set following the 
"postcharge" routine. To apply power, the flag FS- 
DOWN must be set. 

Next a step 1017 is performed to set the 
variable HENRY and control signal HENRY to the 
25 value of a variable PREDICTED. This variable is a 
statistically empirically determined value which ap- 
proximates the nomnal operating point for the tun- 
ing inductor when coupled to most probes. 

Step 1019 raises tiie BOUNDARY variable to 
30 send full power to the handpiece. This is followed 
by a tiiree second delay/settling time symbolized 
by step 1021. 

Finally, in steps 1023 and 1025, respectively, 
tiie old boundary value Is set to restore power to its 
35 original level and the old FS-DOWN flag status is 
restored. Processing then flows via step 1027 to 
step 1033 In the "cold-sweep" routine to enable 
tiie LED thereby indicating to the user that a suc- 
cessful tuning phase has l>een completed. Next a 
40 step 1007 is performed to set a RELAPSE flag. 
This causes an elapsed timer to be reset to zero 
time. The elapsed timer is used to control a display 
on the front panel used by tiie user to keep track of 
how much energy has been dissipated inside the 
46 eye. 

Returning to consideration of "cold-sweep . an 
optional step 1029 is performed to sound a tone or 
play a tune to indicate tiiat the machine is done 
witii tiie tuning phase and reminding ttie user to 
so check the LED for status. 

Step 1031 resets the bit of til© MISTUNE vari- 
able tfiat controls access to ttie ANALYSIS routine 
tiiereby disabling tiie analysis routine until tiie next 

call thereto. ^ ^ 

55 l=inally. a step 1033 is performed to turn off tiie 

VCO thereby preventing amplification of noise, and 
processing returns to step 938 of "sweeper" and 
thence to the calling process in tiie main loop. 
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Returning to the consideration of the "analysis" 
subroutine, if test 997 determines that the maxi- 
mum number of tries to find the resonance fre- 
quency have not been expended, then a step 1035 
to call tfie subroutine "ck-limit" is performed. This 
routine is detailed in Rgure 16. 

Referring to Rgure 16. a flow chart of the "ck- 
limit" subroutine is shown. The purpose of this 
routine is to adjust the value of the variable 
COARSE to change the center frequency of the 
fine tuning window in an attempt to locate the 
window such that the resonance peak load current 
can be found within the center 50% of frequencies 
of the window. The first step in the "ck-limit" 
subroutine is to test the frequency represented by 
the variable RESONANCE against a vanabie HIGH 
RAIL The variable RESONANCE has its value set 
by the 'peak" routine to be described t>eteiw at a 
peak load current frequency where the slope of the 
function of load current versus frequency is less 
than a predetermined amount. This test is symbol- 
ized by block 1037. The variable HIGH RAIL is set 
such that if the resonance frequency is found too 
far away from the center frequency of the tuning 
window, the variable COARSE will be adjusted to 
move the window to place the resonance frequency 
closer thereto. The variable HIGH RAIL is set at a 
frequency which is 75% up from the bottom of the 
tuning window. The value of this variable is cal- 
culated in the "window" subroutine of the 
"analysis" subroutine- The reason for the "ck-limrt" 
subroutine is to alter the COARSE variable until the 
resonance peak occurs somewhere in the middle 
50% of frequencies of the tuning window. This is 
desirable because certain voltage transients and 
other non-repeatable Isehaviors occur when operat- 
ing in frequencies in the lower 25% and the upper 
25% of the tuning window. Moving the tuning win- 
dow in the aforedescribed manner tends to lead to 
finding the real resonance peak as opposed to a 
false peak caused by some non-repeatable phe- 
nomenon. 

If the value of RESONANCE is found to be less 
than HIGH RAIL, step 1039 Is performed to de- 
crement the value of COARSE by the equivalent of 
800 Hertz. If the value of RESONANCE is found to 
be greater than HIGH RAIL, step 1041 is performed 
to decrement the value of COARSE by the equiv- 
alent of 800 Hertz. Finally, in step 1043. the 
RAILED flag is set to Indicate that the resonance 
peak was not found within the acceptable range of 
frequencies. Setting the RAILED flag vectors pro- 
cessing back to the "peak" routine to sweep the 
operating frequency through a new window. This is 
^ done via the return step 1045 which returns pro- 
cessing to step 1 047 of the "analysis" routine. 

Step 1047 on Rgure 13 tests the RAILED flag 
and vectors processing back to step 978 if the flag 



is true. 

If the RAILED flag is not set. step 1049 is 
perfomned to set the VCO at the resonance fre- 
quency. This is done by setting the value of the 

s variable HERTZ equal to the value of the variable 
RESONANCE. 

Next, conditions are set back to the way they 
were when "analysis" was called. Rrst FAULT- 
CNTR Is set to zero in step 1051 and the second 

10 least significant bit of MISTUNE is set to 0 in step 
1053. In step 1055 BOUNDARY is set back to its 
original value, and the LOOP flag is set to enable 
operations by the "minimizer" routine in step 1057. 
Rnally. in steps 1059 and 1061. respectively, 

;s RANGE is set to MINIMUM and l-PEAK is set to 
MINIMUM. Thereafter, return to the calling process 
"cold-sweep" at step 960 is performed by step 
958. 

Referring to Rgures 17A and 176. the details 
20 of the "peak" subroutine are given in flow chart 
form. Block 1050 is the first step in the "peak" 
subroutine and implements a delay to allow the 
value of the tuning inductor to stabilized at the 
inductance established by the level of the control 
25 signal HERTZ set by step 981 in Rgure 13. 

Step 1052 is a test to determine whether the 
value of the variable HERTZ is less than the value 
of the variable MAX-FREQ calculated by the suth 
routine "window" in Rgure 13 and establishing the 
30 upper frequency for the cunrent tuning window. If 
the value of HERTZ is greater than the value of the 
maximum frequency, step 1054 is perfonmed to 
return processing to step 994 of the "analysis" 
subroutine. 

35 If HERTZ is less than the maximum frequency, 

step 1056 Is performed to increment the value of 
the variable SWEEP-FREQ. Next, step :a58 is 
performed to set the value of the HERTZ variable 
equal to the value of the SWEEP-FREQ variable. 

40 After the HERTZ variable has been established 

at its new level, the voltage-controlled oscillator 
changes frequency, and the amount of load current 
drawn at the new frequency will generally chiange 
from the amount of load current which was drawn 

46 at the previous operating frequency. It is necessary 
to know this new value for the load current To that 
end. step 1060 is performed wherein the value of 
the present load cun-ent at the current operating 
frequency is read and stored as the variable CUR- 

50 RENT. This Is accomplished by an input output 
operation by the CPU 808 In Rgure 1 reading the 
value of the signal CURRENT on line 820. 

Step 1062 represents a test to compare the 
value of the CURRENT variable to the value of the 

55 previously highest recorded load curent as repre- 
sented by the variable I-PEAK. If CURRENT is less 
than hPEAK. a jump symbolized by line 1064 to an 
again address Is performed and a step 1066 is 

17 
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performed to call the "recorder" subroutine. No 
new l-PEAK is recorded. If CURRENT is greater 
than I-PEAK. then a test 1068 is performed to 
determine if SWEEP-FREQ is within the lower re- 
ject range which is defined as the lower 25% of 
frequencies in the cun-ent tuning window. If this 
condition is true, a jump to again along line 1064 
occurs and "recorder" is called and no new l-PEAK 
is recorded. If SWEEP-FREQ is not within the 
lower reject range, the test of step 1070 is per- 
formed to determine if SWEEP-FREQ is within an 
upper reject range. This range is defined as the 
upper 25% of frequencies in the current tuning 
window. If this condition is false, step 1072 is 
performed to record CURRENT as the new i-PEAK. 
If SWEEP-FREQ is within the upper reject range, a 
jump to again along line 1064 is performed. 

After step 1072 is performed, a call to the 
"detector" subroutine is performed where the slope 
of the load current versus frequency function is 
compared to a constant. The slope is calculated by 
the "recorder" subroutine, so examination of that 
routine is now in order. 

Refening to Rgures ISA and 18B there is 
shown a flow chart of the "recorder" routine. The 
first step is to set a variable COUNTER to COUN- 
TER + 2 as symbolized by step 1076. COUNTER 
is a pointer in a circular buffer used to store load 
current samples or points on the load cunrent ver- 
sus frequency cun^e. Each load cun^nt sample is 
two bytes in length, so incrementing the COUNTER 
is done by adding 2 to point to the ne)ct pair of 
addresses. This incrementation is symbolized by 
step 1076. Next, COUNTER is tested against zero 
in step 1078. If COUNTER has reached zero, the 
buffer has been filled Ot is filled from the highest 
pair of addresses to the lowest pair of addresses), 
and COUNTER is reset to the top of the buffer by 
setting it equal to a constant BUFF-SIZE in step 
1080. BUFF-SIZE Is equal to the size of the buffer. 
If test 1078 determines that COUNTER is not zero, 
a step 1082 is perfonned to set an address pointer 
POINTER equal to BUFFER + COUNTER. BUFF- 
ER is the lowest address in the circular buffer, so 
step 1082 sets POINTER at an appropriate address 

in said buffer, „^.K.-r 
Next, a test 1084 is performed wherein POINT- 
ER is tested to see if it Is still within the bounds of 
the buffer. Specifically, POINTER is compared to 
BUFFER and to BUFF-SIZE + BUFFER which 
mark the two ends of the buffer. If POINTER is 
within the buffer, the address pointed to by POINT- 
ER is loaded with the latest value of CURRENT in 
step 1086. If POINTER points to either end address 
of the buffer, a step 1088 is performed to set a 
variable TOP equal to the latest value of CURRENT 
as symbolized by line 1090. 

Next, a step 1092 is performed to determine if 



POINTER is less than or equal to BUFFER, the 
lowest address in the buffer. If it is. POINTER is 
set equal to BUFFER + BUFF-SIZE in step 1094. 
This resets POINTER to the highest address in the 
5 buffer. If POINTER is greater than BUFFER step 
1096 is performed to set POINTER to POINTER - 
2, Then a step 1098 is performed to set a vanable 
BOTTOM equal to the contents of the buffer at the 
address pointed to by POINTER. Finally, in step 
10 1100. a variable SLOPE is calculated as TOP - 
BOTTOM. SLOPE is thus equal to the latest value 
of CURRENT minus the value of CURRENT stored 
either at the highest pair of addresses in the buffer 
or the previous pair of addresses. SLOPE is pro- 
J5 portional to the slope of the load cunrent versus 
drive frequency function at the current dnve fre- 
quency and load cun-ent coordinates. Then pro- 
cessing flows via step 1102 back to step 1104 of 
the -peak" subroutine which vectors processing 
20 back to step 1050 of "peak" along path 1106 to 
increment me drive frequency again. 

Returning to step 1074 of "peak", the 
"detector" routine is called to evaluate SLOPE at 
the latest l-PEAK against a constant which will 
25 separate false peaks from the real resonant peak. 
Figure 19 is flow chart of the "detector" routine. 
The first step is a test to detenmine if SLOPE is 
less than a constant MIN-SLOPE. MIN-SLOPE is 
picked to separate the peak atilllO in Rgure 6 
30 from the actual resonance peak at 876, The value 
of MIN-SLOPE is positive and greater than the 
slope of any spurious antiresonance peaks or other 
transients. THus, unless SLOPE is greater than 
MIN-SLOPE, step 1112 is never reached. Step 
35 1112 is the step where RESONANCE is set equal 
to SWEEP-FREQ thereby acknowledging that the 
frequency at which the latest value of l-PEAK was 
found is probably the actual mechanical resonance 
frequency of the probe under the current loading 
40 condition. Note that in the prefenred embodiment 
this tuning process Is performed upon request by 
the user after the user attaches the probe, places it 
in water and presses a button (now shown) on the 
front panel requesting a tuning process. 
45 After updating RESONANCE, the flag FAILURE 

is reset in step 1114 to indicate that tuning was 
successful. 

If SLOPE was less than MIN-SLOPE. step 1116 
is perfonned to start the proce^^of rejecting the 

50 cun-ent peak as the legitimate resonance peak by 
setting l-PEAK to zero. Next, step 1118 sets RES- 
ONANCE to zero, and step 1120 sets the RAILED 
flag to zero. Finally, step 1122 returns processing 
to step 994 of "analysis" where processing pro- 

55 ceeds as previously described. 

Although the invention has been described in 
terms of the prefen-ed and alternative embodiments 
disclosed herein, those skilled in the art will appre- 
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ciate many modifications which may be made with* 
out departing from the true spirit and scope of the 
invention. All such embodiments are intended to be 
included within the scope of the claims appended 
hereto. 



Claims 

1. A phacoemulsification apparatus for driving 
an ultrasonic handpiece including at least one cry- 
stal, comprising: 

driver means for supplying a variable frequency, 
variable amplitude electrical driving signal to said 
handpiece; 

an electncally tunable inductor means in said driver 
means for coupling to said crystal and altering the 
overall impedance of the combination of said hand- 
piece and said tuning inductor; and 
frequency tuning means coupled to said driver 
means and to said electrically tunable inductor 
means, for electrically tuning said tunable inductor 
to be at a minimum inductance dunng a resonance 
tuning phase and for tuning the frequency of said 
driving signal until a peak in the load current drawn 
by said handpiece is found where the slope of the 
function load current versus frequency of driving 
signal at said peak satisfies a predetermined cri- 
tecia, and for causing said driver means to drive 
said handpiece at the frequency of said peak load 
current 

2. The apparatus of claim 1 further comprising 
phase tuning means coupled to said frequency 
tuning means and to said electrically tunable induc- 
tor arvd to said driver means, for. upon completion 
of said resonance tuning phase, determining the 
phase difference between the drive current of said 
driving signal and said load current and for elec- 
trically tuning said tunable inductor to reduce said 
phase difference to within a predetennined range 
of zero degrees. 

3. The apparatus of claim 1 wherein said fre- 
quency tuning means includes means to reject 
spurious peaks In said load current by comparing 
the slope of the load current versus frequency of 
every peak in load current to a predetermined 
minimum positive slope. 

4. The apparatus of claim 2 wherein said fre- 
quency tuning means includes means to reject 
spurious peaks in said load current by comparing 
the slope of the load current versus frequency of 
every peak in load currerrt to a predetermined 
minimum positive slope. 

5. The apparatus of claim 1 wherein said driv- 
ing means includes a voltage controlled osdltator 
for creating said driving signal and having a coarse 
tuning input for receiving a coarse tuning signal 
that cilters the frequency of said driving signal by a 



first factor per unit change in said coarse tuning 
signal and has a fine tuning input for receiving a 
fine tuning signal tfiat alters tiie frequency of said 
driving sgnal by a second factor per unit change in 
5 said fine tuning signal. 

6. The apparatus of claim 5 wherein said fre- 
quency tuning means includes a computer con- 
trolled by software means for causing said com- 
puter to generate said coarse and fine tuning sig- 

10 nats such that said toad current peak is located by 
setting said coarse tuning signal at a predeter- 
mined value and then sweeping said fine tuning 
signal through a predetermined range, and. if said 
peak is not found, for setting said coarse signal at 

15 a new value and then sweeping said fine tuning 
signal through a predetermined range and for re- 
peating the alcove steps until said peak is located. 

7. The apparatus of claim 2 wherein said driv- 
ing means includes a voltage controlled oscillator 

20 for creating said driving signal and having a coarse 
tuning input for receiving a coarse tuning signal 
that alters the frequency of said driving signal by a 
first factor per unit change in said coarse tunmg 
signal and has a fine tuning input for receiving a 

2s fine tuning signal tiiat alters the frequency of said 
driving signal by a second factor per untt change in 
said fine tuning signal. 

8. The e^^paratus of claim 7 wherein said fre- 
quency tuning means includes a computer con- 

30 trolled by software means for causing said com- 
puter to generate said coarse and fine tuning sig- 
nals such that said load current peak is located by 
setting said coarse tuning signal at a predeter- 
mined value emd then sweeping said fine tuning 

35 signal through a predetermined range, and. if said 
peak is not found, for setting said coarse signal at 
a new value and then sweeping said fine tuning 
signal through a predetermined range and for re- 
peating the above steps until said peak is located. 

40 9. The apparatus of claim 6 wherein said fre- 
quency tuning means rejects said peak if said peak 
is found at a frequency lying within the upper or 
lower 25% of tiie range of frequencies which said 
driving signal can assume for any level of said 

45 coarse tuning signal and full excursion of said fine 
tuning signal. 

10. The apparatus of claim 8 wherein said 
frequency tuning means rejects said peak if said 
peak is found at a frequency lying within the upper 

50 or lower 25% of the range of frequencies which 
said driving signal can assume for any level of said 
coarse tuning signal and full excursion of said fine 
tuning signal. 

11. An apparatus for driving an ultrasonically 
ss driven probe comprising: 

first means for generating a driving signed for said 
probe and having an input for receiving a first 
control signal to determine the frequency of said 
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driving signal; 

second means coupled to said first means to occa- 
sionally determine the mechanical resonant fre- 
quency of said probe under then existing con- 
ditions and to generate said first control signal to 
tune said first means for generating a driving signal 
at said mechanical resonant frequency of said 
probe; 

a tuning inductor means for coupling said driving 
signal to said probe and having an input for receiv- 
ing a second control signal which controls the 
amount of inductance of said tuning inductor and 
for changing inductance in accordance with said 
driving. signal; 

means coupled to said tuning inductor and to said 
first means and to said second means for deter- 
mining the actual phase angle between the driving 
signal for said probe and the resulting driving sig- 
nal current and for determining the difference be- 
tween said actual phase angle and a desired range 
of phase angles and for generating said second 
control signal to tune said tuning inductor to mini- 
mize said phase angle after said second means 
has tuned said first means to generate sad driving 
signal at said mechanical resonance frequency of 
said probe. 

12. The apparatus of claim 11 wherein said 
second means includes means for determining said 
mechanical resonant frequency by sweeping the 
frequency of said driving signal through a predeter- 
mined range of frequencies and measuring the 
load current drawn by said prol^e and for selecting 
as said resonant frequency, that frequency where 
said load cunrent Is at a peak and the slope of a 
function relating load cun-ent versus frequency is 
greater than a predetermined value. 

13. A method of driving an uitrasonically driven 
probe comprising the steps of: 

(1) sending a driving signal having a fre- 
quency within a band of frequencies to be sent to 
said probe; 

(2) sampling and storing the amount of drive 
cunrent drawn by said probe; 

(3) comparing said drive current sample to 
the highest drive current sample previously re- 
corded for other drive signal frequencies in said 
band of frequencies; 

(4) calculating the slope of a function relating 
each drive current sample to tiie corresponding 
drive signal frequency for substantially all said 
drive cunrent samples; 

(5) incrementing ttie frequency of said driv- 
ing signal; 

(6) repeating steps i through 5 until a reso- 
nance frequency is found where tiie conresponding 
drive current sample is larger ttian all otiier drive 
cun-ent samples and wherein tiie slope of said 
function at said resonance frequency is greater 



than a predetermined constant selected to elimi- 
nate spurious current peaks caused by phenomena 
other than resonance from t»eing mistaken as ac- 
tual resonance peaks. 

s 14. The metiiod of claim 13 wherein said step 

of incrementing said frequency of said driving sig- 
nal includes the steps of setting a coarse tuning 
signal at a predetermined value and incrementing a 
fine tuning signal to sweep tiirough a range of 

70 frequencies defining a window, and if said reso- 
nance frequency is not found, for changing said 
coarse tuning signal to a new value and increment- 
ing said fine tuning signal to sweep through a 
range of frequencies defining a new window, and 

IS repeating the above described steps until said res- 
onance frequency is found, or a determination is 
made ttial said resonance frequency cannot be 
found. 

15. The metiiod of claim 14 wherein steps 5 
20 and 6 include ttie steps of continuing to alter said 

coarse tuning and fine tuning signals until said 
resonance frequency is located witiiin tiie center 
50% of frequencies of any one of said windows or 
frequencies swept by tiie incrementation of said 
25 fine tuning signal. 

16. the method of claim 15 wherein said step 
of altering said coarse tuning signal is carried out 
such that each said window of frequencies some- 
what overlaps each ottier said window of frequen- 

30 cies. 
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@ Unear power control for ultrasonic probe with tuned reactance. 



® There is disclosed herein a driver system for an 
ultrasonic probe for allowing a user to have propor- 
tional control of the power dissipated in the probe in 
accordance with the position of power dissipation 
controls operable by the user and for automatically 
tuning upon user request such that the driving fre- 
quency Is equal to the mechanical resonant fre- 
quency of said pnjbe and such that the reactive 
component of the load Impedance represented by 
said probe is tuned out The system uses a tunable 
inductor in series with the piezoelectric crystal ex- 
citation transducer in the probe which has a flux 
modulation coil. The bias currerrt through this flux 
modulation coil is controlled by the system- It is 
controlled such that the inductance of the tunable 
inductor cancels out the capacitive reactance of the 
load impedance presented by the probe when the 
probe Is being driven by a driving signal which 
matches the mechanical resonance frequency of the 



probe. The resulting overall load impedance is sub- 
stantially purely resistive. The system measures the 
phase angle and monitors the load current This 
infonnation is used to determine the mechanical 
resonance frequency by sweeping through a band of 
driving frequencies and finding the peak load current 
where the slope of the load cunent versus frequency 
function is greater than a predetermined constant 
After the automatic tuning to the resonant frequency, 
the system automatically adjusts the bias current 
flowing through the flux modulation coil to maintain 
the substantially purely resistive load Impedance for 
changing power levels. There is also disclosed here- 
in an analog circuit to measure the Phase angle for 
the load driving signal and to adjust the frequency of 
the driving signal for best performance. This system 
includes an integrator to eliminate the effect of offset 
enors caused by operational amplifiers. 
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